The increased severity of obstructive sleep apnoea syndrome (OSAS) is associated with a parallel increase in the incidence of cardiovascular events. Whether the increased severity of OSAS is in fact associated with impaired arterial properties has never been thoroughly studied. In patients with OSAS who carry a high burden of cardiovascular risk factors, we investigated whether the severity of OSAS is associated with deterioration in the arterial properties, independent of classical cardiovascular risk factors. In 74 consecutive patients with OSAS, we non-invasively assessed, by means of tonometry and high-resolution ultrasound: carotid intima-media thickness (IMT), carotid diameter and plaques, carotid-femoral pulse wave velocity (PWV), central augmentation index (AI) and central blood pressures. The respiratory disturbance index was an independent predictor of IMT and PWV but not of carotid plaques, carotid diameter, AI or central blood pressures. Several parameters of nocturnal hypoxaemia were independently correlated with carotid IMT and PWV. In conclusion, arterial stiffening and thickening are modulated by the severity of OSAS, independently from age and cardiovascular risk factors.
Introduction
Recent studies have shown that in patients with obstructive sleep apnoea syndrome (OSAS) the risk of fatal and non-fatal cardiovascular events (CV), especially cerebrovascular disease and coronary artery disease, 1,2 is increased. A parallel increase in the severity of OSAS and the incidence of CV has also been described 1 and OSAS is often associated with cardiovascular risk factors, such as hypertension, diabetes mellitus, hyperlipidaemia and obesity. [3] [4] [5] [6] However, OSAS may play an independent role in the development of atherosclerosis through several mechanisms: increased sympathetic nervous system activity, low-grade inflammation, endothelial dysfunction and increased oxidative stress. [6] [7] [8] Intermittent hypoxia has been suggested as a potential mechanism leading to atherosclerosis. 9, 10 Arterial structure and function may be easily, noninvasively and with high reproducibility explored by means of high-resolution B-mode ultrasound and applanation tonometry at the level of superficial arteries, such as the carotid and the radial artery. The obtained indices namely carotid intima-media thickness (IMT), carotid diameter and plaques, carotid-femoral pulse wave velocity (PWV) and central (carotid or aorta) augmentation index (AI) are markers of arterial remodelling, atherosclerosis and arteriosclerosis, which determine central haemodynamics and may predict CV. [11] [12] [13] Therefore, they may be used as surrogate markers in the development of cardiovascular disease. Recent studies have evaluated the effect of OSAS on most of the aforementioned arterial characteristics. [14] [15] [16] [17] [18] [19] [20] These studies demonstrated an increase in carotid IMT and arterial stiffness in patients with OSAS, suggesting that OSAS may promote vascular disease. However, some of these studies excluded patients with cardiovascular or cerebrovascular disease, hypertension, diabetes mellitus, hyperlipidaemia or severe obesity 17, 20 and therefore were not representative of the usual population of patients with OSAS encountered in clinical practice who exhibit a high burden of cardiovascular risk factors. Most importantly, none of these studies has undertaken a thorough evaluation of all the arterial parameters in patients with OSAS.
The aim of the present study was to investigate the hypothesis that the severity of OSAS, as assessed by both the frequency of apnoeic-hypopnoeic events and nocturnal hypoxaemia, is in fact associated with deterioration in the arterial structure and function independent of classical cardiovascular risk factors (diabetes mellitus, hypertension, hypercholesterolaemia, obesity). Therefore, we performed a complete assessment of structural and functional arterial properties at various sites of the arterial bed in a sample of consecutive patients with OSAS of varying severity without excluding patients with cardiovascular diseases or cardiovascular risk factors.
Methods

Population
We included patients with OSAS who were consecutively referred to the Department of Pneumology at the Hotel-Dieu Hospital (Paris), between January 2005 and September 2005 for assessment of complications of OSAS and initiating continuous positive airway pressure (CPAP). We defined OSAS as a respiratory disturbance index (RDI) above or equal to 10, with a percentage of obstructive and mixed apnoeas above 50% of the total number of apnoeas. All the patients complained of excessive daytime somnolence. None of the patients was under CPAP treatment before or during the haemodynamic evaluation. The patients were included in the study independent of the presence of classical cardiovascular risk factors, of the presence and severity of obesity, and of the presence of coronary artery disease.
Exclusion criteria were atrial fibrillation, overt heart failure, severe valvular disease, severe renal failure (serum creatinine level 4300 mmol l À1 ) and unstable cardiac or respiratory disease. All patients gave informed oral consent before entering the study.
Nocturnal respiratory polygraphic study The diagnosis of OSAS was made by a nocturnal respiratory polygraphic study using an analysis of nasal airflow, tracheal sounds, respiratory efforts and oximetry (Cidelec102, Angers, France). This polygraphic study was performed during one-night hospitalization. A microphone was placed above the sternal notch. Several signals were derived from the microphone according to their energy and frequency: tracheal sounds during normal breathing, tracheal sounds during snoring and variations in suprasternal pression. Apnoea was defined as a complete cessation of airflow or an absence of tracheal sounds for at least 10 s. Apnoea was classified as obstructive in the presence of respiratory efforts during the apnoea that were detected by an increased variation in the suprasternal pressure. 21 Apnoea was classified as central in the absence of respiratory efforts, and mixed when it started with central and ended with obstructive apnoea. Hypopnoea was defined as a X50% decrease in the nasal pressure signal associated with a X4% oxygen desaturation that lasted at least 10 s, or an episode of snoring associated with a X4% oxygen desaturation that lasted at least 10 s. RDI was calculated as the number of apnoeas and hypopnoeas per hour of recording. Moderate OSAS was defined as an RDI of between 10 and 30, severe OSAS by an RDI of between 31 and 50 and very severe OSAS by an RDI above 50. Several parameters of nocturnal oxyhaemoglobin desaturation were computed: mean nocturnal SaO 2 , percentage of recording time spent at SaO 2 o90% (% recording time (RT) SaO 2 o90%), percentage of recording time spent at SaO 2 o80% (% RT SaO 2 o80%) and the number of episodes of oxyhaemoglobin desaturation X4% per hour of recording (oxyhaemoglobin desaturation index, ODI).
Haemodynamic explorations
All haemodynamic explorations were performed in the non-invasive haemodynamic laboratory (HotelDieu Hospital, Paris), the patients in a supine position after 10 min rest, between 0900 and 1200 and at least 2 h after arousal. At the time of the study all the patients received their usual medications that were not discontinued before the haemodynamic evaluation. Determination of structural properties of carotid arteries was carried out by estimation of IMT and of focal atherosclerosis (carotid plaques)-both parameters considered as markers of increased CV risk-by the use of a high-resolution ultrasound (7.5 MHz, Kotron Instruments). This system provides an axial resolution of 0.30 mm and data were stored and analysed with specifically designed software (Math). Measurement involved scanning of the far wall of the right and left carotid arteries at three points: common carotid artery (2 cm proximal to bifurcation), carotid bifurcation and internal carotid artery (2 cm distal to bifurcation). Both longitudinal and transversal scanning were used to detect the presence of carotid plaques, defined as localized echo structures that encroached into the vessel lumen and for which the media-adventitia interface and the lesion surface facing the lumen was 41.5 mm. 22 In the presence of plaque, IMT measurement was omitted from that specific point (n ¼ 21). A total score of plaques from the six different sites was calculated.
Functional arterial properties and central pressures were assessed by means of applanation tonometry and pulse wave analysis at the level of radial and carotid artery (Sphygmocor AtCor, Sydney, Australia). 13, 23 Radial pressure waveform calibrated from brachial systolic and diastolic blood pressure (SBP, DBP) was used for determination of peripheral mean blood pressure (MBP) via application of the integration method. Since DBP and MAP differences throughout the arterial tree are minor (ascending aorta to radial artery differences do not exceed 2-3 mm Hg), 24 calibration of the obtained carotid pressure wave was performed using radial DBP and MBP (obtained from plannimetry of the pressure curve) and assuming that they were nearly equal to carotid DBP and MBP. AI (%) at the level of the carotid artery, calculated as previously described, 13 determines the relative enhancement of carotid SBP due to reflected pressure waves and highly correlates with invasively measured aortic AI. The higher the AI the higher the afterload leading to increased CV risk. 13 Aortic AI was also estimated by the use of generalized transfer function from radial pressure wave. Pulse pressure (PP, SBP-DBP) amplification, an index of the afterload imposed on the left ventricle, was defined as the difference of radial-central PP. Carotid-femoral PWV, a marker of aortic stiffness which is correlated with CV and total mortality, was determined by using the foot-to-foot method, as previously described.
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Statistical analysis
All quantitative variables were expressed as mean ± s.e. (standard error). Presence or absence of a trait (for example b-blockers) was expressed as 1 or 0 respectively; gender was expressed as male (1) and female (2) . Univariate linear regression analysis and then multivariate linear regression analysis (enter, backward and stepwise methods) were applied for the determination of factors that were independently related to vascular parameters, heart rate (HR) and RDI. To identify multicollinearity we assessed the variance inflation factor (VIF). For the comparison of qualitative data between the w 2 -test was used. For quantitative variables differences of mean values after adjustment were provided by analysis of variance. Statistical analysis was performed on SPSS 11.5 version. A Po0.05 was considered as the level of statistical significance.
Results
A total of 74 patients were included in the study: 20 with moderate OSAS, 31 with severe OSAS and 23 with very severe OSAS. Table 1 shows the respiratory parameters during sleep, the cardiovascular risk factors and the cardiovascular drugs in the entire studied population. The prevalence of hypertension, diabetes mellitus and obesity was 71, 53 and 78.9% respectively. The prevalence of severe obesity (body mass index, BMI between 35 and 40 kg m À2 ) and of massive obesity (BMI440 kg m À2 ) was 20.8 and 40.3% respectively. Overt coronary artery disease was present in 11% of the patients.
The cardiovascular risk factors and the cardiovascular drugs did not significantly differ between patients with moderate, severe and very severe OSAS (Tables 2 and 3) . Table 4 compares the haemodynamic and arterial parameters in patients with moderate, severe and very severe OSAS, after appropriate adjustment. All these parameters could be adequately measured in all patients except for PWV that was determined in only 38 patients, due to the technical difficulty in obtaining a reliable signal from pulse wave analysis of the femoral artery in extremely obese patients.
Carotid IMT increased significantly in the group of moderate OSAS compared to the group of very severe OSAS (Po0.037); carotid diameter, carotidfemoral PWV, AI and HR increased in the group with moderate OSAS compared to the group with very severe OSAS, but the differences did not reach the level of statistical significance. The mean number of carotid plaques as well as SBP, DBP, MBP, PP (both peripheral and central) and PP Sleep apnoea syndrome and arterial properties AD Protogerou et al amplification did not differ between the three groups. Table 5 shows the multivariate models predicting arterial and haemodynamic parameters, when RDI was used as an index of OSAS severity. Age was the main determinant of most vascular parameters. RDI and diabetes mellitus were the second most important independent predictors: RDI for both PWV and carotid IMT, and diabetes mellitus for IMT and the presence of carotid plaques. Male gender was an independent predictor of higher carotid diameter, and female gender of higher AI. MBP was an independent predictor of carotid diameter, carotidfemoral PWV and PP amplification. Weight was inversely and independently correlated to AI, as well as positively and independently correlated to PP amplification. Finally, RDI along with the presence of b-blocking agents were independent predictors of HR.
We did not observe multicollinearity in any of the aforementioned models, VIF was in all models o2.5. Table 6 shows the multivariate models predicting arterial and haemodynamic parameters characteristics, when RDI was replaced by indices of nocturnal hypoxaemia, namely mean nocturnal SaO 2 , % RT SaO 2 o90%, % RT SaO 2 o80% and ODI. When RDI was replaced in the multivariate models that predict arterial parameters, only ODI was able to replace RDI in all models, predicting both carotid IMT and carotid-femoral PWV. The % RT SaO 2 o90% and the % RT SaO 2 o80% were independent predictors of carotid-femoral PWV and HR, but not of carotid IMT. Mean nocturnal SaO 2 was an independent predictor of only HR.
Discussion
In the present study for the first time a thorough investigation of both the structural and functional characteristics of macrocirculation, including aortic stiffness, pressure wave reflections, carotid remodelling and focal atherosclerosis, was undertaken simultaneously in patients with OSAS. The studied population had a high burden of cardiovascular risk factors and therefore it is representative of the apnoeic patients encountered in daily clinical practice. We found that (1) the severity of OSAS expressed as RDI was a predictor of two of the most commonly used and well-established markers of cardiovascular risk, carotid IMT and carotid-femoral PWV. This relation was independent of age and cardiovascular risk factors; (2) several parameters of nocturnal hypoxaemia, that is % RT SaO 2 o90%, % RT SaO 2 o80% and ODI were independent predictors of PWV but only ODI was an independent predictor of IMT; (3) carotid plaques, carotid diameter, AI, central blood pressures and PP amplification were not significantly associated with the severity of OSAS as expressed by RDI or other nocturnal hypoxaemia indices.
The present study has some limitations. First, there was no control group. However, previous studies have addressed the question as to whether arteriosclerotic or atherosclerotic lesions are found more often in patients with OSAS compared to controls. In the present study, we investigated a population of patients with OSAS and associated cardiovascular comorbidities, to determine whether the severity of OSAS is associated with a greater impairment in arterial structure and function independent of classical cardiovascular risk factors. The second limitation of this study is that we did not use in-laboratory polysomnography, which is the reference method for the diagnosis of sleep apnoea. However, polysomnography has many drawbacks: it requires great technical expertise, is time consuming and costly and is unable to face the increasing demand for the screening of OSAS. Thus, These simplified polygraphic studies are considered as reliable alternatives to standard polysomnography when they include, as in our study, the measurement of oximetry, airflow, respiratory movements and snoring. 25, 26 Some concern exists as to the accuracy of these devices when used in a home setting. In our study, all the respiratory polygraphic studies were performed during one-night hospitalization in the regular pneumological ward. The recordings were performed by a nurse who was trained in nocturnal respiratory monitoring, and the tracings were analysed by a pneumologist specialized in sleep medicine. A few other issues should be also addressed regarding the results of the present study. The number of patients in whom carotidfemoral PWV could be reliably measured was limited, mainly because pulse wave analysis of the femoral artery was difficult to obtain in those patients with severe or massive obesity. Therefore, due to the limited number of observations we cannot exclude the presence of type II error, especially regarding differences in PWV between groups (Table 4) . Finally, although cardiovascular medication may modulate arterial properties and although drug treatment was not discontinued before the haemodynamic test, we believe that symmetrical distribution between the groups with different levels of severity of OSAS suggests that they did not interfere with the final results.
Increasing data regarding a close relation between OSAS and atherosclerosis have been reported. Carotid IMT, which is considered by many investigators as a surrogate marker for the development of atherosclerosis, as well as an independent predictor of cardiovascular death, 12, 22 was shown to be increased in patients with OSAS compared to the control group. 14, 15, 17, 18 Most of these studies, apart from one, 15 have shown that IMT is independently related to the severity of OSAS, as expressed by apnoea-hypopnoea index or nocturnal hypoxaemia. [16] [17] [18] [19] Our data confirm these previous results in a population of patients with numerous cardiovascular comorbidities and further support recent data in humans regarding the independent effect of OSAS in the development of atherosclerosis. 27 Intermittent repetitive hypoxia has been shown to be associated with increased oxidative stress [8] [9] [10] and inflammation, 8 which may explain the observed increase in IMT in patients with OSAS. 28 However, we did not find an independent link between the severity of OSAS and carotid plaque formation, although it has been previously described. 18, 19 These discordant results possibly reflect the fact that although focal atherogenesis and intima-media thickening share common risk factors they differ in nature. Atherosclerosis is a very complex and multifactorial process in nature and it is not reflected per se by IMT. Moreover, various risk factors may exert a differential effect on IMT and plaque formation, as previously suggested. 22, 29 Aortic stiffness and pressure wave reflections, as expressed by carotid-femoral PWV and AI respectively, are both related to cardiovascular death 30 and have been shown to increase in parallel, thus modulating central pressures in hypertensive and elderly patients. 31 The present study showed that carotid-femoral PWV was related to the severity of OSAS independently from age, MBP and other cardiovascular risk factors. Our results are in accordance with those of Drager et al. 17 who showed an independent correlation between PWV and apnoea-hypopnoea index in OSAS patients without overt cardiovascular disease. On the contrary, in the present study AI, central blood pressure and PP amplification were not affected by the severity of OSAS, suggesting a differential effect of OSAS on large and small arteries, the latter being the major site of wave reflections. However others studies have reported enhanced AI in OSAS patients in the absence of increased peripheral pressure either shortly after awakening 20 or during the episode of apnoeas. 32 Increased sympathetic activity induced by hypoxia leads to paradoxical peripheral vasoconstriction, as previously shown by Resmurg et al. 33 in OSAS patients exposed to isocapnic hypoxia. This may provoke increased amplitude of pressure waves from the level of the arterioles. Taken all together, the above data imply that the aforementioned mechanism is reversible and not extrapolated in daytime. Finally, we showed that HR was independently related to RDI. Because HR is modulated by the arterial stiffening/baroreflex association 34 and leads to altered pressure wave reflections, 35 further studies clarifying the effect of the severity of OSAS on pressure wave reflections system are needed.
In conclusion, the present study showed that both functional and structural arterial properties as well as HR is modulated by the severity of OSAS, independently from age, arterial pressure, diabetes mellitus and obesity, in a population of apnoeic patients with a high burden of classical cardiovascular risk factors. The severity of OSAS expressed as RDI and nocturnal hypoxaemia was independently correlated with intima-media thickening and arterial stiffness, but was not associated with carotid atherosclerosis. The effect of the severity of OSAS may differ from site to site on the arterial tree, between large and small arteries.
What is known about this topic K Increased intima-media thickness and arterial stiffness have been reported in patients with OSAS vs non-apnoeic controls but arterial properties have never being thoroughly studied in OSAS patients who have a high burden of cardiovascular risk factors.
What this study adds K Respiratory disturbance index and several parameters of nocturnal hypoxemia are independent predictors of intimamedia thickness and carotid-femoral pulse wave velocity, but not of carotid plaques, central augmentation index, central blood pressures and pulse pressure amplification, in a population of OSAS patients with cardiovascular comorbidities.
Abbreviation: OSAS, obstructive sleep apnoea syndrome.
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